Polyamides (nylon 6 and 6.6) phosphorylated by spirocyclic pentaerythritol phosphoryl chloride (SPDPC), cyclic 1,3-propanediol phosphoryl chloride (CPPC), and cyclic 2,2diethyl-1,3-propanediol phosphoryl chloride (CDPPC) can yield phosphorus levels up to 0.7% (w/w). Calculations suggest that only primary amine groups at the end of the molecular chain are the possible phosphorylation sites. The presence of substituted 1,3-propanediol phosphonate moieties significantly increases polyamide char formation above 500&deg;C, and scanning electron microscopy indicates that the residual char has an intumescent structure. SPDPC-phosphorylated wool keratin yields higher phosphorus levels up to 2.06%. For nylons 6 and 6.6, the presence of a methylolated triazine (as the commercial agent Lyofix MLF NEW, Ciba) in the pad-cured treatment can increase the phosphorus level further to significantly enhance char formation. SEM images suggest that the reacted substrates yield char volume expansions in wool of up to 336% compared to the control sample chars. I Previous work [5, 6] has demonstrated that active
hydrogen-containing, fiber-forming polymers, like cellulose and certain organophosphorus s flame retardant-treated cellulose, can be phosphorylated by spirocyclic pentaerythritol phosphoryl chlomde (SPDPC). Phosphorylated cellulose can yield phosphorus levels as high as 2.4% and significantly enhanced char formation with some possible flame retardant activity. SPDPC-phosphorylated cellulose flame retarded with ammonia-cured, polycondensed tetrakis(hydroxymethyl) phosphonium-urea (as Proban CC&reg;, Rhodia) can yield phosphorus levels in excess of 10% (w/w). The substituted pentaerythritol phosphate moieties significantly increase char formation and are durable to water-boiling, as well as intumescent behavior in terms of the inflated char structure.
The particular success achieved with SPDPC to date is believed to be partly a consequence of the stability of the six-membered cyclophosphate moieties within it [6] . Subsequent work [ 13) has also demonstrated that other polyol phosphoryl chlorides, like cyclic 1,3propanediol phosphoryl chloride (cppc) and cyclic 2,2diethyl-1,3-propanediol phosphoryl chloride (CDPPC), can similarly phosphorylate cellulose and Probantreated cotton to yield phosphorus levels up to 6.9% (w/w). Such high levels suggest up to 35.5% reaction yields, and the presence of substituted propanediol phosphate moieties in the fibers significantly increases char formation and its intumescent structure.
Wool keratin and polyamide (nylon 6 and 6.6) also contain functional groups with active hydrogen atoms, and it is believed that polyol phosphoryl chlorides can also phosphorylate these fibers and enhance their flame retardancy by means of char-forming mechanisms that are known to exist but are little understood [2] . However, with respect to nylon 6.6 in particular, recent interest in the incorporation of functionalized nanoclays into polyamide polymers [9] and fibers [I] and their claimed char-enhancing properties offers the opportunity of studying the combined effects of a substituted charformer such as the resulting polyol phosphate groups within a potential nanocomposite structure [7] . This paper extends our previous phosphorylation work to these fibrous substrates.
Materials and Methods
Commercial nylon 6.6 fabric with an area density of 73.7 g/M2, nylon 6 fabric with an area density of 84.0 g/M2, and wool fabric with an area density of 318.7 g/M2 were used in the experiments. Nylon 6.6 nanoclay-containing film samples: The nylon 6.6-clay (montmorillonite, 3%) polymer, supplied by RTP Company Ltd., U.K., was dissolved in 90% formic acid for 24 hours, then films were cast onto a glass plate with a k-bar. Once the polymer solution dried, it was peeled off the glass plate and the formic was allowed to evaporate (approximately another 24 hours).
The reagents dimethylformamide (DMF), pyridine, and sodium hydroxide were of normal laboratory reagent purity. The crosslinking agent Lyofix MLF NEW, an etherifed methylolated melamine or triazine derivative, was sourced from Ciba Specialty Chemicals. CPPC, CDPPC, and SPDPC were prepared as described previously [6, 11, 13] and their structures are shown as below: spirocyclic pentaerythritol diphosphoryl chloride (SPDPC) cyclic 2,2-diethyl-1,3-propanediol phosphoryl chloride (CDPPC) cyclic 1,3-propanediol phosphoryl chloride (cppc) PHOSPHORYLATION OF POLYAMIDE 6 AND 6.6 AND WOOL KERATIN Reactions with each fiber substrate were undertaken according to the same procedure described before for SPDPC phosphorylation of cellulose and its Probantreated derivative [5, 6] . The suspected reactions are considered to be phosphorylation of free primary amine end groups in both polyamide and wool, as well as primary and secondary amine and hydroxyl side groups in wool keratin. For a primary amine, this reaction may be represented as the following scheme with cPpc:
Pad-curing Treatment
The padding solution was prepared by dissolving 100 mg SPDPC in 5 mL water with varying amounts of sodium hydroxide and Lyofix MLF NEW. The samples were immersed in respective solutions for 5 minutes at ambient temperature, dried at 80°C for 3 minutes, and cured at 160°C for 2 or 4 minutes.
Characterization Procedures
The TGA curves were obtained with a Stanton Redcroft TGA 760 instrument under static air with a heating rate of 20°C/minute. About 2.8 mg samples were used in each case. Scanning electron microscopic analyses of reacted fibers and derived chars were undertaken as reported previously [5] . A phosphorus analysis was also made of the phosphorylated samples [5] .
Results and Discussion
POLYAMIDES: NYLON 6 AND 6.6 Phosphorylation .
Reactions of CPPC, CDPPC, and SPDPC-nylon fabrics were undertaken in DMF solution with various formulations shown in Table I . For nylon 6.6, these results show that the presence of both NaOH and pyridine promotes the cppc phosphorylation level, and pyridine increases the degree of phosphorylation only when the reaction time is greater than 30 minutes. TGA-derived residual char levels support these observations with respect to the effect of pyridine (see Figures 1 and 2 ). CDPPC appears to be more difficult to react with nylon 6.6 than cppc, yielding lower phosphorus levels (0.2-0.3% P). This may be due to the steric hindering effect of the ethyl substituent groups present in the former, and the presence of the swelling agent phenol does not show any significant effect on the phosphorylation level. The sPDPC-reacted sample gives the highest phosphorus levels at 0.7% and the highest char residues above 500°C, as TABLE I. Char and phosphorus levels of SPDPC, cppc, and CDPPC phosphorylated nylons 6 and 6.6.' I a 100 mg cppc or CDPPC or SPDPC, 50 mg nylon 6.6 or nylon 6.6-clay (3%) or nylon 6. 5 mL DMF.
shown in Table I and Figure 3 . If we assume that the nylon 6.6 amine end group concentration is typically about 40 Amoles/g [8] and that phosphorylation only occurs at this group, then calculation shows that the maximum phosphorus level is 0.6-0.7% w/w. Clearly the results indicate that indeed a reaction is occurring only at the amine end group. ' FIGURE 1. TGA responses for nylon 6.6 reacted with ct~c without pyridine at 160°C for different times.
Based on these conclusions, the ability to increase phosphorus levels may occur only if amine end group concentrations are higher. This could be achieved by using deep-dye variants of the fibers or by increasing amine ends by chain hydrolysis. While this latter is often used by dyers to increase base dye uptake, it is accompanied by unacceptable strength losses. The effect .of nanoclay, if any, is difficult to discern. While both the unreacted and SPDPC-reacted nylon 6.6 clay-containing samples yield the highest chars at 600°C, there is little further increase after reacting with SPDPC at 160°C for up to 2 hours. The increased char in the presence of nanoclay alone is expected [3] , and the slight subsequent increase, especially after 2 hours of phosphorylation, reflects a higher phosphorus content than determined (see Table I ). These very low phosphorus levels may be partly due to the much lower surface area for nanoclay composite films compared with the nylon 6.6 fabrics, as well as the increased difficulty for SPDPC to penetrate the nanocomposite structure. Alternatively, nanoclay interaction with the phosphorus analysis should not be ruled out. Clearly further work is required here if we are to understand more fully the effects of phosphorylation in nanoclay-containing films.
The char residues of SPDpc-reacted nylon 6 samples have increased about 50% relative to the unreacted polymer (see Table I ). The phosphorus level does not increase with longer reaction times, which means the phosphorylation of the end amine groups has been completed after an hour at 160°C. The maximum phosphorus level of spdpc-reacted nylon 6 samples is only 0.3%, less than observed for the nylon 6.6 samples.
Effect of Ncid Environment
We have attempted to increase the amine end groups of nylon 6.6 by pre-treatment in an acid environment. Although the samples pre-treated at ambient temperature show no changes in phosphorylation level, the spdpc-phos-phorylated nylon 6.6 sample pre-treated at 60°C (formic acid solution, pH = 2, Table II ) increases the phosphorus level from 0.7 to 0.9% and TGA-derived char residues from _ 10.2 to 10.7% at 600°C. Table II shows the results of nylon 6.6 samples pre-treated in acetic acid and formic acid aqueous solutions at pH values of 4 and 3, respectively, for 30 minutes, 60 minutes, and 4 days, then reacted with SPDPC under basic conditions. Table II also shows that the phosphorylation reaction in an acid environment proves difficult for both wool keratin (see below) and nylon 6.6 samples because of the release of HCI during phosphorylation.
PAD-CURING TREATMENT FOR NYLON 6.6 In this part of the work, we attempt to determine if the phosphorylation discussed above can be undertaken by a pad-curing process and thus be scaled up to potential industrial applications. Table III shows the results and demonstrates that the cured samples after padding with SPDpG NaOH solutions have only a little more char residue than the control sample (see Figure 4 ). The curing time shows little effect on the char formation of the treated samples. We have attempted to increase the level of phosphorylation by introducing the commercial etherified methylolated triazine, Lyofix MLF NEw (Ciba), into the pad solution. Phosphorus analyses in Table HI show the pad-cure treatment without Lyofix has very little effect on the phosphorus level and char residue, but adding Lyofix MLF NEw to the padding solution increases the interaction of the nylon 6.6 substrate with the padding solution, which is also demonstrated by TG analysis in Figure 5 . 
Durability of Pad-Cured Samples
We tested the durability of the pad-cure, SPDPC, resintreated nylon 6.6 sample by boiling it in an aqueous detergent solution for 30 minutes, which should indicate possibly acceptable laundering durability in the absence of larger samples available for full laundering assessment. TGA curves for the samples before and after boiling are shown in Figure 5 . The curve for the unwashed sample is shifted to the left, which means it decomposes earlier than the control sample, although higher char residues are seen above 500°C. This is possibly because of the existence of the surface resin and substituted phosphorus present (0.53%). After washing, the curve shifts back to the right, indicating removal of this resin while still yielding greater char residue than the control sample. Our previous work demonstrated that the SPDPCreacted cotton is also durable to boiling for 30 minutes in aqueous detergent [4] .
WOOL PHOSPHORYLATION
We also achieved successful phosphorylations with SPDPC on wool, with curing temperatures reduced to 120°C and 60 minutes reaction times yielding 2.06% phosphorus levels. After water boiling, 1.96% P is still present, and char enhancement at 700°C is close to 60% improvement with respect to a normal wool char level. Table IV times, and reagent : wool mass ratios. Char levels at 800°C are considerably more enhanced, with residues greater than 10% (w/w) remaining. The effect of reaction time at an sYnPGwool 10: mass ratio is shown for TGA responses in Figure 6 , where a reaction time and hence a phosphorus level versus char residue correlation is evident. The reason for choosing such a high spdpdwool ratio is that the maximum degree of phosphorylation is achieved. While unrealistic in terms of scaling up to a workable process, the results demonstrate that acceptable levels of phosphorylation are achievable.
Durability ' We also tested the boiling water durability of the reacted wool samples as previously described, and Table  IV shows that the phosphorus loss after washing is only (2.06 -1.97)/2.06 = 4.4%, which means 95.6% of the originally substituted SPDPC remains in the substrate. Hence, the reacted wool sample is quite durable. Figure   7 shows the char residues of the reacted sample before and after simulated washing, and there is little difference between the two. This provides further evidence of the durability of reacted wool keratin. Figure 8 shows the SEM images of the spdpc-reacted nylon 6.6 samples heated at 350°C for 10 minutes. These are also typical of those for cppc and CDPPCreacted samples. All the fabric samples, both control and reacted, when heated, shrink and melt into voided globular char residues, probably due to the release of NH3, CO, and C02 during the period of charring [9] . Figures 8a and b show the cross section of the control sample where each circle is the cross section of an internal void. This void formation is generally observed when heating molten nylon 6.6 above 300°C, and there is gas (CO, NH3) formation as a consequence of thermal degradation [9] . The surface of an SPDPC-reacted sample residue (P = 0.7%) in Figure 8c is more complex, and the cross section in Figure 8d shows evidence of a more finely voided structure with some char formation. Figures 9a and b show the char structure at different magnifications of the reacted sample pre-treated in formic acid solution at 60°C for half an hour. Figure 9b shows a void diameter similar to Figure 8c , but the voids are shallower than that in Figure 8c . If the phosphorus moieties present are enhancing degradation by means of void formation and char formation, then void diameter may correlate with phosphorus content. Average char void diameters can be measured (ten void diameters per sample) from the SEM images. For the control sample in Figure 8b , the average apparent diameter is Dc = 13 tLm, for the reacted sample (0.7% P) in Figure 8d , DR, = 16.6 lim, and for the pretreated, reacted sample (0.9%) in Figure  9b , DR2 = 23.8 tLm. This demonstrates that the reacted sample generates voids larger than the control sample, and pre-treatment increases the diameters further, thus supporting our hypothesis.
Wool Keratin Figure 10 shows the SEM images of wool keratin samples heated at 500°C for 10 minutes. Figure l0a shows the char structure of the control unreacted sample, Figure lOb shows the char structure of the SPDPCreacted sample without NaOH present, and Figure 10c shows the char structure of the sample reacted in the presence of NaOH, all at about the same magnification. From Figure 10 , the average diameters of the yam char for the control sample and reacted samples can be measured: for the control sample Dwc = 6.1 ~,~,m (Figure l0a Thus, we see that the sPnPC-re.acted samples not only have higher fiber char diameters, especially when phosphorylation occurs in the presence of NaOH (P = 2.06%), but also considerably higher volumes. Since the volume increases have exceeded the respective char mass increases (a) (68.7x), P'X.~0.9'iG (b) ( 138x~ P'~G~0.9% (from TGA, see Figures 6 and 7) , it is evident that voiding and hence intumescent character is present. In addition, and in the presence of NaOH during phosphorylation, fiber char surfaces display numerous roughly hemispherical protrusions, which have the appearance of localized, surface blistering following volatile emissions. There are two possible reasons for this: the presence of NaOH has promoted greater phosphorylation or saponification of the unreacted SPDPC on the fiber surface has occurred to yield the sodium salt of the spiro-pentaerythritol dihydrogen diphosphate or SPDPONa. Wang and Zhang [ 11 and Wilkie et al. [ 12] reported that the free grafted acids, such as methylacrylic and acrylic acids in the polymer chain (acrylonitrile-butadiene-styrene and ethylene-vinyl acetate copolymers), after conversion to respective sodium salts can give rise to enhanced char residue and fire performance. We therefore propose that saponification of the unreacted end of SPDPC can also significantly increase char formation.
Conclusions
Our ,results have shown that, like cellulose and Proban-treated cotton, polyamides containing active hydro-gen atoms in primary amine groups at the ends of the molecular chains can also be phosphorylated by the polyol phosphoryl chlorides SPDPC, cppc, and CDPPC. All phosphorylated samples yield enhanced and possibly intumescent char structures. Our efforts to improve the number of free amine groups by pre-treatment in acid environments and hence increase the resulting phosphorus levels have been less successful. In our attempts to undertake a simulated commercial process of phosphorylation in an aqueous medium, the presence of the methylolated triazine, Lyofix MLF NEW resin, is required in a simple pad-cure process to yield significant phosphorus levels (0.4-0.5%) and enhanced char formation, although whether or not this gives acceptable increases in flame retardancy requires scaling up the work to produce larger samples. Furthermore, we do not know whether the additional phosphorus is bonded to the surface resin, although this is most likely to be the case. SPDPC can also phosphorylate wool keratin (although at very high SPDPC/WOOI mass ratios) and give durable samples after phosphorylating at only 120°C for an hour.
We provide strong evidence that the increased chars are intumescent in character with char volume expansions of up to 336%.
